Systematic Analysis of Spontaneously Combustible Substances by Proddutoor, Abhishek
SYSTEMATIC ANALYSIS OF SPONTANEOUSLY COMBUSTIBLE SUBSTANCES 
A Thesis 
by 
ABHISHEK PRODDUTOOR 
Submitted to the Office of Graduate and Professional Studies of 
Texas A&M University 
in partial fulfillment of the requirements for the degree of 
MASTER OF SCIENCE 
Chair of Committee,  M. Sam Mannan 
Committee Members, Mahmoud El-Halwagi 
Head of Department, 
Debjyoti Banerjee 
M. Nazmul Karim
August 2018 
Major Subject: Safety Engineering 
Copyright 2018 Abhishek Proddutoor
  ii 
ABSTRACT 
 
 The purpose of this study is to identify and analyze the hazards of spontaneously 
combustible substances, and to develop a safety index to categorize the hazards of these 
materials. Furthermore, storage/handling guidelines or hazard assessment strategies are 
developed based on the analysis. Spontaneously combustible substances include a vast array of 
materials including pyrophoric substances, shock sensitive substances and self-reactive 
substances. These materials are capable of ignition at ambient conditions as a result of exposure 
to the atmosphere or other materials.  
 This analysis is conducted by developing a “Hazard Ranking Score” (HRS) to evaluate and 
rank the hazards of these types of materials. The HRS is scored out of 100 and is determined by 
considering multiple properties of the substance in question. The inherent hazard of a substance 
is determined by considering five parameters: the NFPA rating, the flammability limits, the auto-
ignition temperature, the ionization potential and the heat of combustion. 
Because spontaneously combustible substances in one form or another are widely used in 
the industry, an analysis of this type is essential. Initially, a sizeable sample of well-known 
spontaneously combustible substances is selected, and data related to the parameters listed above 
is collected. All the parameters listed are individually scored out of 100. The final HRS is 
determined by a weighted sum of the parameters in consideration. The scores of all the materials 
in the sample are determined and a histogram of the data is projected. Based on the histogram, a 
simple statistical analysis is conducted to try and predict the behavior of the HRS for any other 
materials of this type. 
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The theoretical validation of the HRS index is conducted to evaluate its robustness. An 
important conclusion that can be drawn from this study is that the HRS can serve as a useful 
screening tool and can be used instead of or in addition to other safety indices. Finally, the HRS 
can serve as a basis to determine whether additional analyses need to be conducted. 
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NOMENCLATURE 
 
AD Anderson-Darling  
AEP Annual Economic Profit 
AIT Auto-Ignition Temperature  
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Avg. Average 
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CDC Centers for Disease Control and Prevention 
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CSB Chemical Safety Board 
DOE Department of Energy 
DOT Department of Transportation  
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ETNT Energy of TNT explosion 
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IP Ionization Potential 
IROI Incremental Return On Investment 
ISI Inherent Safety Index 
LFL Lower Flammability Limit 
m Mass of hydrocarbon 
MF Material Factor 
MHI Material Hazard Index 
MIE Minimum Ignition Energy 
MKOPSC Mary Kay O’Connor Process Safety Center 
MTNT Mass of equivalent TNT 
n Empirical explosion efficiency 
NAS National Academy of Sciences 
NF NFPA flammability rating 
NFPA National Fire Protection Association 
NH NFPA health rating 
NIOSH National Institute of Occupational Safety and Health 
NIST National Institute of Standards and Technology 
NR NFPA reactivity rating 
PAC Protective Action Criteria 
PCHP Potential to Cause Harm to Public 
PHA Process Hazard Analysis 
Pi Parameter score 
PID Photo Ionization Detector 
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QC Quality Control 
QQ Quantile-Quantile 
RA Risk Assessment 
ROI Return of Investment 
RRI Reactivity Risk Index 
SDS Safety Data Sheet 
SWeHI Safety Weighted Hazard Index 
TCI Total Capital Investment 
TNT Tri Nitro Toluene 
UFL Upper Flammability Limit 
UN United Nations 
UV Ultra Violet 
WARRI Weighted Average Risk Rating Index 
Wi Weight of parameter ‘p’ 
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CHAPTER I  
INTRODUCTION 
 
1.1 BACKGROUND 
Modern industry has grown in leaps and bounds since the turn of the millennium. Today, 
more emphasis is placed on the technological advancements of the industry (Pearce, 2017). With 
the advent of modern technologies, there has been an increase in the number of novel process 
methods, equipment and concepts ("Industrial Advances," 2018). Process Safety must also keep 
up with the updates in technology and one must ensure that safety goes hand-in-hand with 
innovation. Despite all the innovation, even today we may still need to use the same hazardous 
chemicals to manufacture a required set of goods. The inherent properties of a chemical that 
make it hazardous also make it useful.  
Spontaneously combustible substances are used in a wide variety of industries and 
include a vast collection of substances including pyrophoric materials, shock sensitive chemicals 
and self-reactive chemicals ("Primer on spontaneous heating and pyrophoricity," 1994). They are 
defined as energetic materials that are capable of self-heating under ambient conditions ("What is 
a spontaneously combustible substance?," 2018). Because spontaneously combustible substances 
are extensively used in industry, there is a need to develop safer handling methodologies for 
these types of materials. Thus, a systematic approach to handle these materials is essential.   
This study aims at developing an index to categorize the hazards posed by spontaneously 
combustible materials. It also focuses on developing relatively safer handling/storage guidelines 
for these types of materials based on the index. The description and the development of the 
methodology, method of statistical analysis used, initial projections and predictions of HRS 
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behavior, results obtained, theoretical validation, and finally conclusions and recommendations 
are described in detail in the forthcoming chapters. 
 
1.2 BASICS OF COMBUSTION 
 Before conducting a systematic analysis of these materials, it is necessary to understand 
how and why these materials behave the way they do. Thus, it is important to review 
fundamental topics such as Minimum Ignition Energy (MIE), Auto Ignition Temperature (AIT), 
Fire triangle and the Fire tetrahedron. Understanding the basics of the fire triangle is the essential 
first step before consideration of other aspects. 
 
 
 
 
 
 
 
 
 
Figure 1 Fire Triangle (Adapted from (Crowl & Louvar, 2001))  
 
The fire triangle consists of oxygen, ignition (heat) and fuel. These are elements that are 
required for the sustenance of a fire. For normal chemicals, a fire will persist as long as all the 
conditions are fulfilled. All the conditions in the fire triangle are important and must be satisfied 
to start a fire. However, in a chemical facility, the atmosphere is expected to contain oxygen, and 
HEAT 
OXYGEN FUEL 
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fuel is also present because the chemical is already in the facility, so the ignition source plays a 
key role in starting a fire. In case of spontaneously combustible materials, the substance reacts 
with its surroundings to generate enough heat to match the ignition energy. Thus, the heat 
generated by the reaction with the surroundings is enough to ignite the material. Spontaneous 
heating is defined as a process where a material’s temperature rises due to exothermic reaction 
with oxidants without drawing heat from the surroundings ("Primer on spontaneous heating and 
pyrophoricity," 1994).  
 There exist multiple definitions of these types of materials according to different 
standards and sources. Some materials are immediately classified into this category, others are 
not, but they are capable of forming such compounds on exposure to the atmosphere or other 
conditions. Widely known examples of these materials are discussed in the next section. 
 
1.3 APPLICATION OF SPONTANEOUSLY COMBUSTIBLE MATERIALS IN 
INDUSTRY 
 Chemicals in their purest form may not be spontaneously combustible but they might be 
capable of forming peroxides or other compounds of such nature. Primarily these chemicals are 
useful for research purposes. However, in the industry they have been known to be used in the 
following forms: 
• Alkali metals like Sodium and Potassium 
• Organo – metallic reagents like Grignard reagents 
• Finely divided metals like Zinc dust, Aluminum powder 
• Metal hydrides (as reducing agents) like Lithium Aluminum Hydride 
• Some gases like Silane (used in semiconductor manufacturing) and Diborane 
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• Alkyl metal hydrides like n-Butyl Lithium 
• Metal carbonyls like Iron Penta Carbonyl 
• Catalysts like Raney Nickel used in hydrogenation (Britannica, 2017) 
Thus, these materials are used not only as reagents, reducing agents and reactants but also 
as catalysts. They can be required in small quantities and can also be required in bulk quantities 
depending on the type of use. It is important to understand the hazard posed by these materials 
during their entire lifecycle. This study looks at the storage, handling and transport aspects of the 
lifecycle. 
 
1.4 IMPACT OF IMPROPER STORAGE AND HANDLING TECHNIQUES 
Over the years, there have been multiple process safety incidents ranging from the 
Bhopal gas tragedy to the Tianjin port fire and explosions. Although some incidents have had 
specific reasons for failure, there are several incidents that have occurred because of 
mismanagement and improper handling of the chemicals involved. This has potentially 
contributed to the increase in the risk associated with storage facilities. Incidents involving these 
materials can cause catastrophic damage. Thus, it is important to identify the hazards and take 
steps to ensure the safety of the facility. 
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CHAPTER II 
LITERATURE REVIEW – RELATED PREVIOUS WORK  
 
Spontaneously combustible materials include a variety of reactive chemicals that pose 
specific hazards. It is important to understand how spontaneously combustible materials differ 
from other chemicals and also to determine what parameters make these materials hazardous. 
The primary threat posed by these materials is a potential to cause fires and explosions. Thus, 
flammability ranges, ignition energies and other such properties are usually used to describe 
spontaneously combustible materials. While there are many methods available to describe and 
categorize these materials, safety indexing is a good start. A good safety index can be used as a 
quick tool to determine the hazard or risk level. However, a safety index is restricted to its scope 
and inherent assumptions. Thus, there is a need consider different types of characterization 
methods. This chapter deals with a literature review covering the previous work done in the 
fields of safety indices, characterization of chemicals, reactive chemicals, storage and handling 
of pyrophoric materials and some parameters that can be used to describe spontaneously 
combustible materials. 
 
2.1 SAFETY INDICES  
To develop a safety index, it is essential to understand how the existing safety indices 
work and what the differences among them are. Some of the most widely used and accepted 
indices are the Dow Fire and Explosion Index (Dow F&EI), the Mond Fire, Explosion and 
Toxicity Index (FETI), Dow Chemical Exposure Index (CEI) and more recently the Potential to 
Cause Harm to the Public (PCHP) index that was published in the Houston Chronicle Chemical 
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breakdown series (Dow’s Fire and Explosion Index Hazard Classification Guide, 1994; Ranking 
of Chemical Facilities Based on the Potential to Cause Harm to the Public, 2016; Tyler, 1985). 
The Dow F&EI is a combination of several parameters that include Material Factor (MF), 
General and Special Process Hazards and Process Unit factors (Dow’s Fire and Explosion Index 
Hazard Classification Guide, 1994). It is an index that not only considers inherent properties of 
the chemical namely the NFPA (National Fire Protection Association) diamond ratings but also 
other parameters including but not limited to process conditions and process equipment (Dow’s 
Fire and Explosion Index Hazard Classification Guide, 1994).   
The Dow CEI is another index that is indicative of a chemical’s toxicity and exposure 
risks. The CEI uses the inherent properties of the chemical and a process flow sheet and 
equipment diagram (Dow's chemical exposure index guide, 1998). This index is focused more 
specifically on the exposure hazards of a chemical. 
The Mond FETI was created as an extension to the Dow index (Tyler, 1985). This index 
is also a comprehensive index that covers the flammability, explosion and toxicity properties of a 
chemical. It also takes into account the process conditions, storage conditions and plant design. 
A significant step forward was the inclusion of the population densities around a facility 
to formulate the PCHP index. The PCHP index is a function of the material hazards, quantities of 
chemicals, population densities and accident history (Ranking of Chemical Facilities Based on 
the Potential to Cause Harm to the Public, 2016). The Material Hazard Index (MHI) of the 
PCHP index is calculated based on the inherent properties of the chemical just like the MF of the 
Dow index. The MHI is calculated using NFPA ratings for flammability and reactivity, and a 
modified NFPA health rating in accordance with PAC (Protective Action Criteria) values 
(Ranking of Chemical Facilities Based on the Potential to Cause Harm to the Public, 2016). 
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Considerable depth of research is also conducted in generating other safety indices. The 
Reactivity Risk Index (RRI) was put forth to recognize the hazards of reactive chemicals (Saraf, 
Rogers, & Mannan, 2003). The RRI is a quantitative measurement that is used to calculate the 
risk of storing a chemical at a given temperature. The study generates the RRI using 
experimental screening analysis (Saraf et al., 2003).  
The Mortality index proposed by Marshall is a simple measure of the lethality of a 
chemical by taking into account the number of deaths per ton of the material (Marshall, 1977). 
The Instantaneous Fractional Annual Loss (IFAL) index was primarily developed by the 
Insurance Technical Bureau, UK for insurance calculations (J. Singh & Munday, 1979). The 
IFAL index accounts for hazards of each of the process equipment individually.  
The Hazard Identification and Ranking Analysis (HIRA) is another index proposed that 
uses two separate indices for fire and explosion and the other for toxicity of chemicals (Khan & 
Abbasi, 1998). It gives the user results in the form of the net scores, making it an easy and swift 
tool for comparison of chemicals. The HIRA is used in many industries in conjunction with the 
Dow indices (Khan & Abbasi, 1998).  
The Weighted Average Risk Rating Index (WARRI) was created to estimate the risk of 
chemicals during transportation (K. R. Rao, Rao, & Chary, 2004). WARRI also uses the NFPA 
ratings for health, flammability, reactivity and special hazard. There are several versions of the 
WARRI that differ from each other based on the type of NFPA ratings used. 
The PROCESCO index is an index that is used to evaluate operational safety (Maroño, 
Peña, & Santamaria, 2006). It is based on systems theory and generates an Operational Safety 
Index for a process plant.  
  8 
Several techniques for hazard identification of chemicals at port installations and cargo 
ships was put forth considering NFPA ratings, NAS (National Academy of Sciences) ratings and 
other indices (P. Rao & Raghavan, 1996). A study for the technical factors involving hazard 
evaluation of dusts was done using material safety properties (Siwek, 1996). 
 
2.2 USE OF SAFETY INDICES IN RELATION WITH INHERENT SAFETY 
 There are several proposed indices that use the concepts of inherent safety. Although 
inherent safety is not a focus of this study, the indices proposed are based on useful concepts. A 
few of the indices proposed are listed below. Also listed are the basics of inherent safety. 
 Inherent safety is a design criterion that is based on the reduction and elimination of 
hazards (Mannan, 2002). This concept differs from traditional risk-based approaches that are 
focused on reducing the probability of an incident. The main principles of inherent safety are: 
• Minimization: Minimizing the amount of the hazardous chemical involved in the process. 
• Substitution: Substituting a hazardous chemical with a relatively safer one. 
• Moderation: Moderating the severity of the process conditions like pressure and 
temperature. 
• Limitation: Limiting or mitigating the effects of an incident. 
• Simplicity: Simplification in the design of the plant to accommodate lesser number of 
equipment (Mannan, 2002). 
An inherent safety index was proposed to assess the safety of chemical process routes 
(Edwards & Lawrence, 1993). Development of an inherent safety index using fuzzy logic was a 
significant step forward in this area of study (Gentile, Rogers, & Mannan, 2003). 
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2.3 INCORPORATION OF SAFETY INDICES INTO PROCESS SAFETY 
The Dow F&EI was integrated into the design and optimization phase with an aim to 
achieve inherent safety (Suardin, Mannan, & El-Halwagi, 2007). In this study, the Dow F&EI 
was converted into a mathematical expression as a function of operating pressure and inventory 
of the materials (Suardin et al., 2007). 
The safety weighted hazard index (SWeHI) was introduced to create a swift method of 
hazard identification in process industries (Khan, Husain, & Abbasi, 2001). This index was 
incorporated into a chemical process industry to better evaluate the hazards posed by a chemical 
process (Khan et al., 2001). An additional study was conducted to incorporate the concepts of 
inherent safety into the PSM (Process Safety Management) elements (Amyotte, Goraya, 
Hendershot, & Khan, 2007).  
Each safety index listed has its own specific objective. While there exist many safety 
indices for classification of chemicals, there is a need to develop safety indices for specific types 
of chemicals. Thus, the current study focuses on developing a safety index to classify 
spontaneously combustible materials by considering a specific set of parameters. Before 
developing a safety index, it is necessary to understand how different characterization techniques 
function based on different parameters.  
 
2.4 CHARACTERIZATION OF CHEMICALS 
 There are a lot of characterization techniques for hazardous chemicals and dangerous 
goods. These techniques may also be applied to spontaneously combustible materials. It is 
important to note that spontaneously combustible substances can also be classified as reactive 
chemicals.  
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 Many different well-known classification techniques have existed all over the world over 
the years. Even today, there are multiple methods such as the NFPA 704 diamond, US DOT 
(Department of Transportation) ratings, UN (United Nations) classification method and the more 
recent GHS (Globally Harmonized System) of classification. The GHS methods is slowly being 
adapted all over world (Winder, Azzi, & Wagner, 2005).  
 The NFPA 704 diamond characterizes hazards based on four primary categories namely: 
Health, Flammability, Reactivity and Special Hazard which are all scored from 0-4 with 
increasing order of hazard (Quincy, 2007). The UN/US DOT method uses a set of four digit 
numbers to classify dangerous goods (Recommendations on the transport of dangerous goods: 
model regulations, 2007). 
 The GHS classification methods was implemented to unify the format of the SDS (Safety 
Data Sheets) all over the world. The classification is done based on the physical, health and 
environmental hazards (Winder et al., 2005). The GHS has impacted several countries to change 
their methods of classification (Yu et al., 2005). Several studies were carried out to gage the 
perception of GHS among the common public (Su & Hsu, 2008). It was found that the common 
public still have difficulty understanding the GHS system (Su & Hsu, 2008). Thus, a good safety 
index or characterization method must be easily understandable by the general public. The GHS 
not only impacted the industry but also the laboratories. Many laboratories have successfully 
transitioned from the existing NFPA diamond system to the GHS system (Hill Jr, 2010). 
 Apart from well-known characterization systems, there exist other techniques which use 
different methodologies for classification of chemicals. For example, a classification based on 
the environmental hazards was carried out to account for the risks to the environment (Lundgren, 
1992). An alternative method for classification included specifying, validating and processing 
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the physical data associated to a chemical to produce a system (K. Singh & Jacques, 2007). The 
US DOE (Department of Energy) uses an ISMS (Integrated Safety Management System) for 
implementation of controls for worker and public safety (Laul et al., 2006). 
 Both (Houghton, 2007) and (Shafer, 2006) discuss in detail strategies that can be 
developed for categorization of unknown chemicals. The proposed strategies include a thorough 
qualitative analysis, sampling analysis and validation of information collected (Houghton, 2007). 
A lot of experimental study has been done in the field of reactive chemicals albeit sometimes 
restricted to a single chemical. A systematic characterization study was proposed to evaluate the 
chemical reactivity of reactive chemicals (Aldeeb, 2004).  
 It is important to understand the methodologies used in the characterization techniques 
and safety indices listed above in order to develop a new safety index or hazard classification 
system.  
 
2.5 USE OF DIFFERENT PARAMETERS FOR CLASSIFICATION 
 Different classification systems use different means of characterization. It is of utmost 
importance to consider the different parameters that are used as a basis of characterization. 
Ultimately, spontaneously combustible materials are differentiated from other chemicals based 
on a few specific properties. 
 Although the main threat posed by spontaneously combustible materials is fire and 
explosion, this does not mean that they do not pose other hazards such as toxicity and exposure 
hazards. AIT (Auto Ignition Temperature) is a property that distinguishes spontaneously 
combustible materials from other materials. Most of these chemicals are known for their 
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spontaneous ignition. AIT is defined as the lowest temperature at which a substance ignites 
without an external source of ignition (Baukal Jr, 2012). 
 The flammability ranges describe the specific conditions when a chemical is flammable 
(Crowl & Louvar, 2001). The LFL (Lower Flammability Limit) and UFL (Upper Flammability 
Limit) describe the range of flammability whereas the LFL describes the minimum concentration 
of fuel in air that is required for a fire to start (Crowl & Louvar, 2001). 
 Chemical incidents can sometimes be prevented by timely detection of a leak or release 
of a substance. There are several methods for detection of chemicals that range from colorimetry 
to chromatography (Houghton, 2007). One such detection technique included in the current study 
is photoionization. Photoionization technology uses a PID (Photo Ionization Detector) to detect 
the presence of a hydrocarbon or other suitable chemical in the atmosphere based on the 
ionization energies of the substrates under consideration (Haag & Wrenn, 2006). 
 Sometimes, properties like boiling point, melting point, heat of combustion may also be 
used for characterization of a chemical (K. Singh & Jacques, 2007). As evidenced by the above 
sections, classification can be done based on physical parameters, environmental parameters and 
other properties like toxicity and exposure. Safety indices are known to use a combination of 
such parameters. The scope of a safety index is obviously determined by the parameters it 
includes.  
 
2.6 HANDLING OF REACTIVE CHEMICALS AND PYROPHORIC MATERIALS 
One of the objectives of this study is to develop storage and handling guidelines for 
spontaneously combustible materials. Although there is not a lot of research into spontaneously 
combustible materials on the industrial scale, there is research done at the lab scale.  
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Studies about handling and storing pyrophoric materials have been put forth (Alnajjar et 
al., 2011). A useful guideline was proposed for handling air-sensitive compounds (Gill & 
Whiting, 1986). Another useful study (Schwindeman, Woltermann, & Letchford, 2002) analyzes 
the safe handling of organo-lithium compounds. All the above studies discuss several simple 
methods and rules that need to be followed and remembered for handling spontaneously 
combustible materials. 
(Simmons et al., 2008) discusses the myths and realities of chemical storage, common 
issues related to chemical incompatibility and the complexity of chemical storage as a task. It 
highlights that blindly following manufacturer recommendations can lead to violation of 
regulations and also to chemical incidents. 
 All the above studies discuss methods and techniques for safe handling and storage of 
spontaneously combustible materials. This information is necessary for developing storage and 
handling guidelines based on the outcome of the safety index proposed in the current study. A 
good safety index is a combination of different parameters, is easily understood by the public and 
also considers its own limitations. 
  
  14 
CHAPTER III  
HAZARD RANKING SCORE & DEVELOPMENT OF METHODOLOGY 
 
Before development of the methodology, it is necessary to understand what parameters 
are considered and also why they are considered for the methodology. As discussed in the 
literature review, there are several well-known indices that are available and each index uses its 
own set of criteria and parameters. In general, every index put forth is usually a function of the 
inherent properties of the chemical or other properties like the type of equipment used and the 
type of chemical process used. Thus, each index will have its own merits and demerits. This 
chapter discusses the HRS (Hazard Ranking Score) and the five parameters that it includes: 
NFPA (National Fire Protection Association), AIT (Auto Ignition Temperature), IP (Ionization 
Potential), TNT (Tri Nitro Toluene) Comparison and Flammability. The importance of each 
parameter is also highlighted. 
 
3.1 HAZARD RANKING SCORE (HRS) 
 The index proposed in this study is termed Hazard Ranking Score (HRS). Firstly, it is 
essential to note that the HRS is an index generated using the inherent properties of the 
chemicals. The scope of HRS is restricted to availability of data. Because the HRS is designed 
for spontaneously combustible materials, the emphasis is laid on the fire and explosion 
properties. Thus, the parameters for occupational exposure and toxicity are not included. This 
study considers pure chemicals and not mixtures of chemicals. This study also deals with the 
storage, transport and handling of these materials and the conditions considered are a result of 
these assumptions.  
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 Now that the scope of HRS is defined, the next step in the study is to determine what 
parameters and data must be included. This study considers the following parameters: NFPA 
ratings, Auto-ignition temperature, Flammability limits, Ionization Potential and TNT 
comparison ratio. The figure below highlights the methodology of the HRS. Level 1 in the 
hierarchy diagram consists of AIT and Flammability parameters that have a combined weight of 
50%. The other parameters in level 2: NFPA, Ionization Potential and TNT comparison together 
have a combined weight of 50%. The weightage criteria are summarized in chapter IV. 
 
Figure 2 Methodology of HRS 
 
Thus, the HRS is simply a weighted sum of the parameters mentioned above. Because the 
HRS is an output of addition, an important assumption is that the total hazard of the chemical is 
the sum of the hazards. The next sections discuss in detail about the importance of each 
parameter. 
 
HRS
NFPA Parameter
Ionization 
Potential 
Parameter
TNT Comparison 
parameter
AIT Flammability
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3.2 NFPA DIAMOND 
The NFPA rating is one of the most widely used pictorial representations of a chemical’s 
hazard. It is often debated as to what is the best way to summarize all the essential information of 
the chemical and represent it in the most compact way possible. The NFPA diamond (Quincy, 
2007) summarizes the hazard of the chemical through four characteristics: Health, Flammability, 
Instability or Reactivity and Special Hazard. Thus, the NFPA rating is chosen as a parameter for 
its simplicity. The NFPA diamond is used in segregating data to determine quickly the nature of 
a chemical and its relative hazard. Because the HRS is designed for spontaneously combustible 
substances, the emphasis is on the fire and explosion hazards. However, the NFPA ratings are 
considered for a quick summary of the chemical. 
The NFPA uses different criteria for determining the rating in each quadrant of the 
diamond. The flammability ratings are determined based on flash point criteria for liquids and 
properties such as the size distribution of particles for solids, the health ratings are determined 
based on the oral, dermal and inhalation criteria from DOT (Department of Transport) and UN 
(United Nations), the instability ratings are determined by experimental methods like DSC 
(Differential Scanning Calorimetry) and ARC (Accelerated Rate Calorimetry) in conformance 
with ASTM E537 (Quincy, 2007). According to the NFPA 704 standard, the health, 
flammability and instability factors are scored from 0-4. The Special Hazard includes symbols 
for three specific hazards: Oxidizers, Water Reactive substances and Simple Asphyxiants. The 
NFPA diamond is a good pictorial representation of the chemical’s hazards. 
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Figure 3 NFPA 704 Diamond (Quincy, 2007) 
 
3.3 AIT  
Auto-ignition temperature is a property that can represent the fire and explosion hazards 
of spontaneously combustible substances (Baukal Jr, 2012). This is because while solids, liquids 
and gases all can be flammable, the LFL and UFL data generated is applicable for liquids and 
gases only. The AIT can serve as a common parameter for solids and liquids. This property is a 
measure of the ease of ignition of a substance with respect to temperature (Baukal Jr, 2012). 
AIT is defined as the minimum temperature at which a flammable liquid or solid is 
capable of auto ignition and it can depend on pressures, temperatures and compositions (Baukal 
Jr, 2012). Auto ignition is defined as the process where a flammable liquid or solid is capable of 
drawing enough energy from the atmospheric surroundings without a heat source (Baukal Jr, 
2012). The lower the AIT the greater is the ease of ignition with respect to the surrounding 
conditions. 
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The AIT is important to include in this study because there are several incidents in the 
industry that have resulted in fires and explosions due to auto-ignition of certain substances. For 
example, a recent explosion that occurred in a refinery in Germany in 2015 was due to auto-
ignition of pyrophoric iron sulfide. A deflagration occurred in a 20 m3 condensate vessel due to 
the ignition of iron sulfide in the presence of flammable atmosphere inside the vessel (IOGP 
Fatal Incident Reports, 2018). According to (IOGP Fatal Incident Reports, 2018), the operator 
was scheduled to conduct inspection and cleaning of the vessel. The task was considered to be 
routine and the vessel appeared to be purged on the previous day, but as soon as the vessel was 
exposed to atmosphere (oxygen), the pyrophoric iron sulfide inside reacted with oxygen and an 
explosion occurred that resulted in the death of the operator and injuries to three other people 
(IOGP Fatal Incident Reports, 2018).  
NFPA’s report on fires caused by spontaneous combustion states that fires caused by 
spontaneous combustion accounted not only industrial fires but also residential, storage, 
vehicular and other business fires (Everts, 2011).  
  
3.4 TNT COMPARISON  
 Preventing incidents should be one of the important goals of a process safety program. 
When an incident occurs, it is important to understand the consequences of the incident. In other 
words, factors like loss of life, property damage and the severity of damage should be assessed. 
This parameter is included to give an approximate estimate of the damage consequence an 
incident could cause. The heat of combustion of the chemical under consideration is compared to 
the heat of combustion of TNT. This parameter is a measure of the energy release and the 
consequence of a reaction. 
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The concepts of the TNT Equivalency method are used for this parameter (Crowl & 
Louvar, 2001). The TNT equivalency method uses equivalent mass of TNT to determine the 
damage potential of a chemical. It is defined as: 
MTNT = (nmHc) / (ETNT) 
Where, MTNT is the mass of equivalent TNT, 
n = empirical explosion efficiency, 
m = mass of the hydrocarbon, 
Hc = Heat of combustion 
ETNT = Energy of TNT explosion (Crowl & Louvar, 2001) 
 Although, the TNT equivalency method is not directly used in this study, some aspects 
are taken into consideration. The parameter in this study is only a simple ratio of the heat of 
combustion of the chemical to the heat of combustion of TNT and not the heat of explosion of 
TNT. By estimating a ratio of the heat of combustion of the chemical to the heat of combustion 
of TNT, we can numerically gage the damage a chemical can cause with respect to TNT. 
The Airgas facility explosion at Pensacola, Florida in 2016 resulted in the fatality of one 
employee and severe damage to the facility. The incident occurred due to the explosion of a 
nitrous oxide trailer truck in the facility (Airgas Nitrous Oxide Explosion, 2017). It was 
determined that the explosion occurred due to overheating of the nitrous oxide during loading of 
the truck (Airgas Nitrous Oxide Explosion, 2017). Another well-known incident is the West 
Fertilizer explosion and fire that occurred at West, Texas in 2013 which resulted in 15 fatalities 
and more than 200 injuries. This explosion occurred due to the detonation of fertilizer grade 
ammonium nitrate (West Fertilizer Company Fire and Explosion, 2013).  
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 Both these incidents resulted in catastrophic damage due to explosions. Because of 
incidents like these, it is necessary to conduct a consequence analysis in the facility siting 
process to estimate the level of damage and also the distance of the blast radius.  
 
3.5 IONIZATION POTENTIAL  
Ionization Potential is defined as the amount of energy required to remove a single 
electron from a neutral atom or the energy needed to ionize a chemical (Cotton, Wilkinson, 
Bochmann, & Murillo, 1999). While this property seems to be unrelated to the study it is 
important because it can be used to establish the ease of detection of a chemical. While there are 
several detection techniques, many hydrocarbons and volatile organic compounds are detected 
using photo ionization techniques (Freedman, 1980).  
A PID works on the basis of ionization energy or ionization potential. Each PID has a UV 
lamp capable of emitting a certain amount of energy. If the energy of the lamp is sufficient to 
ionize the substrate, the substrate is ionized and a current is sent to the detector, indicating the 
presence of a chemical in the surroundings (Freedman, 1980).  
The PID only emits a signal if the energy of the lamp is sufficient to ionize the substrate, 
if the ionization energy of the substrate is greater than the energy of the lamp then the substrate is 
not detected (Freedman, 1980). 
The following table is a summary of the ionization values of some well-known 
chemicals. 
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Chemical Name IP (eV) 
            Acetic Acid 10.66 
Acetylene 11.4 
Acrolein 10.13 
Arsine 9.89 
Benzaldehyde 9.53 
Benzene 9.24 
Bromoethane 10.28 
Trichloroethylene (TCE) 9.45 
Trichloromethyl Ethyl Ether 10.08 
Triethylamine 7.5 
 
Table 1 Ionization potentials of some common chemicals (Adapted from (Linstrom & Mallard, 
2001) 
 
Now that it is determined how ionization energies and PID’s work, the next step is to 
understand how they are used. Standard industry lamps have ionization energies of 10.6 eV or 
11.7 eV (Haag & Wrenn, 2006). Most of the chemicals have an ionization energy less than 11.6 
eV (Haag & Wrenn, 2006).  
Ionization Potential is an important parameter to include in this study. There have been 
several incidents involving loss of containment of chemicals. While some resulted in a potential 
fire and explosion, others resulted in toxic exposure. Two incidents that underline the importance 
of chemical detection in an industrial facility are discussed below. 
The ExxonMobil refinery chemical release and fire at Baton Rouge, Louisiana in 2016 
resulted in serious injuries to four workers. The fire occurred due to inadvertent release of 
isobutene from a broken plug valve (Key Lessons from the ExxonMobil Baton Rouge Refinery 
Isobutane Release and Fire, 2016). The flammable vapor cloud reached an ignition source 
within 30 seconds of release causing a massive fire (Key Lessons from the ExxonMobil Baton 
Rouge Refinery Isobutane Release and Fire, 2016). The MGPI Processing, Inc. toxic chemical 
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release at Atchison, Kansas in 2016 resulted in toxic chemical exposure to both workers onsite as 
well as the people living in the surrounding communities. The incident occurred during the 
routine unloading of sulfuric acid from a cargo tank, when inadvertent mixing of two chemicals 
sulfuric acid and hypo resulted in the release of toxic chlorine vapor cloud (Key Lessons for 
Preventing Inadvertent Mixing During Chemical Unloading Operations, 2018).  
Both these incidents involved chemical release. By installation of a relevant PID, the 
chemical may have been detected and could have helped in either arresting the spill/release or in 
timely evacuation. Thus, IP plays an important role in detection of a chemical. 
 
3.6 FLAMMABILITY 
 This parameter is included because the primary threat of spontaneously combustible 
materials is fire and explosion. The easiest way to determine the flammability of a substance is to 
consider its flammability ranges. The higher the spread of LFL and UFL, greater is the chance of 
ignition because the chemical is flammable for a wide range of concentration (Crowl & Louvar, 
2001). LFL is also considered as the lower the value of the concentration, easier it is to ignite the 
chemical (Crowl & Louvar, 2001). Thus, this parameter is a combination of the LFL and range 
of LFL – UFL.  
There have been countless incidents that resulted in a fire and explosion. Thus, there is no 
additional need to highlight the importance of this parameter. Flammability ranges play an 
important role in the fire hazard analysis of a facility. Protection measures are designed based on 
the information of the chemical. The spread of the LFL – UFL often determines what measures 
are to be taken in case of a potential leak of the chemical. If the chemical has a large spread, 
evacuation might be the best mitigation measure. 
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CHAPTER IV  
 QUANTIFICATION OF PARAMETERS 
  
To study the effect of different parameters on the overall HRS of the chemical, it is 
necessary to quantify them. The quantification of parameters depends on the inherent properties 
of a chemical at the specific conditions described. In this section, the quantification criteria for 
each parameter is described along with the specific conditions at which they are quantified. The 
numerical range of HRS is established and the weightage criteria are introduced. Lastly, sample 
calculations of HRS are illustrated. 
 
4.1 QUANTIFICATION OF HRS  
This chapter deals with the quantification criteria of the HRS and its parameters. The 
HRS is calculated using data from all the parameters mentioned in the previous chapter. 
Numerically, HRS is scored out of 100, with a value of 100 indicating the highest hazard. The 
HRS is a weighted summation of all the parameter scores under consideration. The formula for 
calculating HRS proposed in this study is as follows: 
HRSi = ∑ 	#$%& WiPi 
Where, 
HRSI is the HRS of chemical ‘i’, 
n is the total number of parameters considered, 
Wi is the weight of parameter P, 
And Pi is the parameter score 
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For the purpose of this study, up to five parameters are considered and thus ‘n’ can range 
from 1 to 5. The number of parameters depends on the availability of the data. Because of the 
lack of data when dealing with these chemicals, each parameter is assigned individual weightage 
to reduce the variance in the score of the HRS. The HRS is scored out of 100, all the parameters 
are also scored out of 100 for the sake of simplicity. The quantification of each parameter is 
discussed in the following sections.  
 
4.2 QUANTIFICATION OF NFPA PARAMETER 
For the NFPA parameter, the ratings on the NFPA 704 diamond are taken into 
consideration. The total parameter score is determined below. A score of 2 is assigned if a 
special hazard is present, and zero if there is no indication of a special hazard.  
NFPA factor NFPA Rating Parameter score 
Health 0-4 20-4 
Flammability 0-4 20-4 
Reactivity/Instability 0-4 20-4 
Special Hazard Yes/No (Pictorial 
representation) 
0 or 2 (2 if present, 0 
otherwise) 
Total score: --- 0-50 (expressed as a 
percentage out of 100) 
 
Table 2 NFPA parameter scoring criterion 
 
The total score can range from 0-50 and is expressed as a percentage out of 100. This 
indicates that for a chemical which has NFPA ratings of 3 for Health, 3 for Flammability, 2 for 
Instability and no special hazard, the total parameter score would be 23 + 23 + 22 = 20. The 
overall NFPA score gives a broad idea of the hazard of the chemical. The NFPA parameter alone 
cannot be used to determine the hazard of a chemical. The NFPA parameter score is used here as 
a first step for further analysis through other parameters.  
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This score is converted to a percentage by dividing it with the total possible score of 50 
and multiplying by 100. Thus, the final NFPA parameter score becomes:   
NFPA Parameter score: (20/50) *100= 40. 
 
4.3 QUANTIFICATION OF AIT PARAMETER 
The lower the AIT, easier it is to ignite a material. AIT is a property of solids, liquids and 
gases. Because, the study is restricted to the storage, handling and transport of these materials, 
the scoring criteria is considered with respect to normal storage and atmospheric conditions. The 
scoring criteria is as shown below: 
AIT Range (oC) Parameter Score 
<75 100 
75-150 60 
150-400 30 
>400 0 
Total score: 0-100 
 
Table 3 AIT parameter scoring criterion 
 
Various scores are assigned to this parameter based on the AIT range. This parameter 
score ranges from 0-100.  
 
4.4 QUANTIFICATION OF TNT COMPARISON PARAMETER 
As suggested earlier, this parameter is a measure of potential consequence after the 
incident has already occurred. This parameter is a ratio of the heat of combustion of the chemical 
under consideration to the heat of combustion of TNT. If the ratio is less than one, then the 
chemical is less hazardous than TNT. If the ratio is greater than one, this means that the chemical 
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releases more energy than TNT. The lower the value of the ratio, lower the hazard. The scoring 
criteria is as shown: 
Ratio of heat of combustion of chemical to 
heat of combustion of TNT 
Parameter score 
0 – 0.33 0 
0.34 – 0.66 30 
0.67 – 1 60 
>1 100 
Total score: 0-100 
 
Table 4 TNT comparison parameter scoring criterion 
 
This parameter score also ranges from 0-100 and is assigned a score based on the value of 
the ratio. 
 
4.5 QUANTIFICATION OF IONIZATION POTENTIAL PARAMETER  
This parameter is included to indicate the ease of detection of the chemical. The scores 
assigned are based on the availability of the standard PID detectors used in the industry. There 
are three types of PID lamps ideally used in the industry (Haag & Wrenn, 2006). The scoring is 
done on the basis of the ionization energy of the chemicals under consideration. Standard lamps 
used in the detectors detect a certain range of ionization energies. The scoring is as shown: 
Ionization energy value (eV) Parameter score 
<10.6 0 
10.6 - 11.7 50 
>11.7 100 
Total score: 0-100 
 
Table 5 Ionization potential parameter scoring criterion 
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The standard industry lamp that is the most common is the 10.6 eV lamp (Haag & 
Wrenn, 2006). This lamp ideally covers most of the chemicals in nature. However, some 
chemicals have ionization energy greater than that of 10.6 eV and are measurable by a 11.7 eV 
lamp (Haag & Wrenn, 2006). The 11.7 eV lamp is expensive and has a short shelf life when 
compared to the standard 10.6 eV lamp (Haag & Wrenn, 2006). There are some chemicals with 
ionization energies greater than 11.7 eV making them the hardest to detect even with a PID. 
Lower the value of the ionization energy of the chemical, greater is the ease of detection and thus 
lower the hazard. 
 
4.6 QUANTIFICATION OF FLAMMABILITY PARAMETER 
The flammability parameter is a combination of the LFL value and the value of the 
spread of LFL – UFL. The total parameter score is determined by averaging the two sub-
parameters of LFL and LFL – UFL spread. The scoring criteria is as shown:  
LFL value Sub-parameter score 
0 - 10 100 
10 - 20 75 
20 - 30 50 
>30 25 
Total Score:  25 - 100 
 
Table 6 LFL sub-parameter scoring criterion 
 
LFL – UFL Spread Sub-parameter score 
0 – 25 25 
25 – 50 50 
50 – 75 75 
75 – 100 100 
Total Score: 25 - 100 
 
Table 7 LFL – UFL Spread sub-parameter scoring criterion 
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The Flammability parameter score is the average of both the sub- parameters shown 
above. Both the sub-parameters range from 25-100. Thus, this parameter ranges from 12.5-100. 
The minimum score for the sub-parameter is 25 because even a spread of 5% can result in a fire. 
 
4.7 WEIGHTAGE OF PARAMETERS 
 For any study, the weightage is determined based on the goals and objectives of the 
research. Here, the weights are assigned based on the focus of the research which is the fire and 
explosion hazards of the chemical. A weightage of 50% is collectively given to the AIT and 
Flammability parameters as the HRS is designed for spontaneously combustible substances. The 
other parameters namely NFPA, IP and TNT comparison are all given a collective weightage of 
50%.  
 AIT and Flammability are given equal weightage, NFPA and IP are given equal 
weightage because they can be used to sort the data and the IP parameter is a leading indicator. 
TNT is given the least weight because it is a lagging indicator and it is used to determine the 
damage caused by a substance in case of an incident. The final weights of all the parameters 
proposed is: 
Parameter Parameter weight 
AIT 25% 
Flammability 25% 
NFPA 20% 
IP 20% 
TNT 10% 
 
Table 8 Summary of parameter weights 
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4.8 SAMPLE HRS CALCULATIONS 
 As mentioned earlier, HRS calculations are reliant on the availability of the data. Despite 
the lack of data (as is the case in reality), the HRS can be used to estimate the approximate 
hazard of a chemical. The sample calculations for three different chemicals is shown below. 
Trisilane 
A simple hazard review to collect the data required for Trisilane is as shown: 
Parameter Data 
AIT 54oC 
Heat of combustion NA 
LFL – UFL NA 
Ionization Potential NA 
NFPA Health 2 
NFPA Flammability 4 
NFPA Reactivity 1 
NFPA Special Hazard  0 
 
Table 9 Trisilane hazard review 
 
Based on the data above, the parameter scores are: 
• NFPA score: Sum of all NFPA 704 ratings is 22 + 24 + 21 + 0 = 22. The final parameter 
score is: NFPA parameter = (22/50) * 100 = 44. 
• AIT score: 100 because the temperature is <75. 
• IP score: NA 
• Flammability score: NA 
• TNT comparison score: NA 
The total score is calculated using HRSi = ∑ 	#$%& WiPi 
Here, n = 2, HRS = (Weight of NFPA parameter) (NFPA score) + (Weight of AIT parameter) 
(AIT score) = (0.2) (44) + (0.25) (100) = 33.8 
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 Therefore, the HRS score of Trisilane is 33.8. 
Trichlorosilane 
A simple hazard review to collect the data for Trichlorosilane is as shown: 
 
Parameter Data 
AIT 185oC 
Heat of combustion NA 
LFL – UFL 1.2 – 90.5 
Ionization Potential 11.94 eV 
NFPA Health 3 
NFPA Flammability 4 
NFPA Reactivity 2 
NFPA Special Hazard  0 
 
Table 10 Trichlorosilane hazard review 
 
Based on the data above, the parameter scores are: 
• NFPA score: Sum of all NFPA 704 ratings is 23 + 24 + 22 + 0 = 28. The final parameter 
score is: NFPA parameter = (28/50) * 100 = 56. 
• AIT score: 30 because the temperature is in the range 150 - 400. 
• IP score: 100 because the IP is >11.7 eV 
• Flammability score: LFL score is 100 because it is in the range 0 – 10. LFL – UFL spread 
score is 100 because the spread is in the range 75 – 100. The final Flammability score is 
(100 + 100)/2 = 100. 
• TNT comparison score: NA 
The total score is calculated using HRSi = ∑ 	#$%& WiPi 
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Here, n = 4, HRS = (Weight of NFPA parameter) (NFPA score) + (Weight of AIT parameter) 
(AIT score) + (Weight of Ionization Potential parameter) (IP score) + (Weight of Flammability 
parameter) (Flammability score) = (0.2) (56) + (0.25) (30) + (0.2) (100) + (0.25) (100) = 53.7 
 Therefore, the HRS score of Trichlorosilane is 53.7. 
Diborane 
A simple hazard review to collect the data for Diborane is as shown: 
Parameter Data 
AIT 36oC 
Heat of combustion 56.4 kJ/kg 
LFL – UFL 0.8 – 88 
Ionization Potential 11.38 eV 
NFPA Health 4 
NFPA Flammability 4 
NFPA Reactivity 3 
NFPA Special Hazard  2 (Water reactive) 
 
Table 11 Diborane hazard review 
 
Based on the data above, the parameter scores are: 
• NFPA score: Sum of all NFPA 704 ratings is 24 + 24 + 23 + 2 = 42. The final parameter 
score is: NFPA parameter = (42/50) * 100 = 84. 
• AIT score: 100 because the temperature is <75. 
• IP score: 50 because the IP is in the range 10.6 – 11.7 eV. 
• Flammability score: LFL score is 100 because it is in the range 0 – 10. LFL – UFL spread 
score is 100 because the spread is in the range 75 – 100. The final Flammability score is 
(100 + 100)/2 = 100. 
• TNT comparison score: Heat of combustion of Diborane/ Heat of combustion of TNT = -
2036/3407 = 0.6. Final score is 30 because the ratio is in the range 0.34 – 0.66. 
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The total score is calculated using HRSi = ∑ 	#$%& WiPi 
Here, n = 5, HRS = (Weight of NFPA parameter) (NFPA score) + (Weight of AIT parameter) 
(AIT score) + (Weight of Ionization Potential parameter) (IP score) + (Weight of Flammability 
parameter) (Flammability score) + (Weight of TNT Comparison parameter) (TNT score) = (0.2) 
(84) + (0.25) (100) + (0.2) (50) + (0.25) (100) + (0.1) (30) = 76.80 
 Therefore, the HRS score of Diborane is 76.80. 
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CHAPTER V 
STATISTICAL ANALYSES 
 
 In this section, simple statistical techniques are used to mathematically test the behavior 
of HRS. The basis for collection of data is established. Initial calculations (as described in the 
quantification of parameters chapter) are conducted for a discernable sample size known as the 
training data, followed by evaluation of descriptive statistics, generation of histogram, predictive 
analysis and finally evaluation with test data for the HRS. Different evaluation methods are used 
and the most significant results are selected. It is concluded that statistical analyses alone are not 
enough to validate the HRS. 
 
5.1 SPONTANEOUSLY COMBUSTIBLE MATERIALS DATABASE 
One of the biggest challenges when dealing with spontaneously combustible materials is 
the lack of data associated with the chemicals. The bulk of the data used in this study is collected 
from the Mary Kay O’Connor Process Safety Center’s (MKOPSC’s) database on spontaneously 
combustible substances (MKOPSC, 2018). The gaps in data are filled using multiple sources 
including NIST (National Institute of Standards and Technology), CDC NIOSH (National 
Institute of Occupational Safety and Health), SDS’s and Cameo chemicals database. References 
such as Sittig’s handbook of toxic and hazardous chemicals and carcinogens, Sax’s dangerous 
properties of industrial materials and Bretherick’s Handbook of Reactive Chemical Hazards are 
also used to collect required data. The conservative approach is followed when gathering the data 
to eliminate contradictory values. Empirical relations and theoretical estimations are also used. 
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Suzuki’s empirical relations depend on the heat of combustion of the fuel and are also used to 
estimate the LFL and UFL values: (Crowl, 1996): 
LFL = '(.*+,-  + 0.569Hc + 0.0538Hc2 + 1.80 
UFL = 6.30Hc + 0.567Hc2 + 23.5 
Where, LFL and UFL are vol% of fuel in air 
And Hc is heat of combustion of the fuel in 103 kJ/mol. 
 The empirical equations established in literature are usually applicable to pure 
hydrocarbons and there are very few empirical equations that can be applied to spontaneously 
combustible chemicals. 
 MKOPSC’s database is a comprehensive collection of spontaneously combustible 
substances that include about 603 chemicals (MKOPSC, 2018). While the database includes a lot 
of data required for the study, some characteristics such as LFL and UFL are not included in the 
database. Thus, this database is still a work in progress. Several characteristics such as physical 
state, molecular weight, auto-ignition temperature, heat of combustion, NFPA ratings, melting 
points, boiling points, vapor pressures and molecular formula are included in the database 
(MKOPSC, 2018). There are also descriptive characteristics about storage and hazard statements.  
 The database is a user-friendly tool that helps with the data collection. The chemicals can 
be searched via the CAS number, name of the chemical or known synonyms. The data can also 
be generated in multiple formats that includes a short one-page summary of the chemical or a 
more sophisticated summary including a lot of other information. The following are snapshots of 
the database.  
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Figure 5 MKOPSC Database Snapshot 2 (MKOPSC, 2018) 
 
 The database consists of widely known spontaneously combustible substances.  
 
5.2 GENERATION OF FREQUENCY HISTOGRAM 
One of the aims of this study is to determine how the HRS behaves for a given set of 
chemicals and to predict the HRS for other chemicals of this type based on the sample set 
considered. The calculation of HRS scores was described in detail in the earlier chapters. This 
methodology is applied to a large sample set (size 90) called the ‘training data’ collected from 
Mary Kay O’Connor Process Safety Center’s (MKOPSC’s) database of spontaneously 
combustible substances (MKOPSC, 2018) and it is assumed to be a good representation of the 
general population. The sample set contains 49 liquids, 35 solids and 6 gases. When dealing with 
spontaneously combustible substances, most chemicals lack a lot of data and only a few are 
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covered by using empirical or theoretical equations. The summary of the excel study, histogram 
plot and the data collected for the sample set is included in appendix A-1. The HRS vs number of 
chemicals frequency plot and curve are plotted using MATLAB and excel. 
HRS Range Frequency (Number of chemicals) 
0 0 
0 – 10 48 
10 – 20 9 
20 – 30 7 
30 – 40 7 
40 – 50 6 
50 – 60 8 
60 – 70 3 
70 – 80 2 
80 – 90 0 
90 – 100 0 
 
Table 12 HRS frequency data for training data set 
 
 
Figure 6 HRS Histogram for Training set 
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Figure 7 Number of chemicals vs HRS frequency curve for training set 
 
Figure 7 is a different representation (curve) of figure 6. The histogram appears to be a 
positively skewed distribution because of the missing data points and the weightage criteria. 
Because of the positive skewness, lognormal, gamma and Weibull distributions may be 
applicable. Based on the generated plot, we can determine how much of data falls in a specific 
range of the HRS. The following section discusses a simple percentile study to determine how 
the data for the current sample behaves. 
 
5.3 PERCENTILE ANALYSIS 
A simple and easy way to analyze the data for a histogram curve is the percentile 
analysis. Percentiles are used to determine what percentage of data lies within a particular value 
of the data. This same methodology can be used as a basis to determine what amount of data falls 
within a particular value of the HRS. The percentile analysis is conducted and summarized 
below:  
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Percentiles HRS Score 
25th Percentile 2.40 
50th Percentile 9.40 
75th Percentile 35.03 
80th Percentile 43.60 
85th Percentile 49.83 
90th Percentile 56.09 
95th Percentile 59.84 
100th Percentile 76.80 
 
Table 13 Percentile analysis 
 
The above analysis indicates that the majority of the data (75%) falls below a HRS of 
35.03. Thus, it can be assumed that the majority of spontaneously combustible chemicals have 
scores in the ranges of 0 - 35. This assumption can be tested after plotting the predictive 
distributions. 
 
5.4 PREDICTIVE ANALYSIS & UNCERTAINTY ANALYSIS 
One of the objectives of this study is to predict the behavior of HRS for other 
spontaneously combustible chemicals based on the statistical analysis of an initial sample set. 
Based on the histogram curve of the sample set, curve fitting is carried out to develop a model. 
Statistical parameter Value 
Mean 20.29 
Standard Error 2.24 
Standard Deviation 21.27 
Range 75.2 
Minimum 1.6 
Maximum 76.8 
Count 90.00 
Confidence Level (95.0%) 4.45 
 
Table 14 Summary of descriptive statistics for the training data 
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The descriptive statistics shown above indicate that the standard error is 2.24. Simply put, 
the HRS could be off by a value of 2.24.  
Based on visual observations, from figure 7 it can be estimated that the histogram curve 
can follow one of lognormal, gamma or Weibull distributions. Normal distribution is also 
evaluated because when dealing with large sample sizes, most data sets tend to conform to 
normality. Based on the curve fitting analysis, QQ (Quantile Quantile) plots are plotted to 
evaluate which distribution conforms to the sample. The curve fitting is done in MATLAB and 
the relevant MATLAB code is listed in Appendix A-2. The summary of the fitting analyses is 
listed below.  
S.No Fitted Distribution Parameters 
1. Lognormal µ= 2.3015, s=1.3110 
2. Gamma a(shape) = 0.83, b(scale) = 
24.37 
3. Weibull a(shape) = 19, b(scale) = 0.88  
4.  Normal µ= 20.29, s= 21.27 
 
Table 15 Fitted Distributions and Parameters 
 
The fitted parameters are generated for each distribution considered. The next step is to 
determine which distribution is the best fit for the sample data. This evaluation is conducted by 
plotting QQ plots between the sample data and the standard distribution with the fitted 
parameters.  
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Figure 8 (Clockwise from L-R) QQ plots for Gamma, Lognormal, Normal and Weibull 
distributions 
 
Based on the QQ plots, only the Normal distribution is not a good fit to the sample data, 
but the Weibull, Lognormal and Gamma distributions are relatively better fits. Visually, it is 
difficult to determine which distribution is a better fit. Thus, a statistical fit test is conducted to 
determine mathematically which distribution is the better fit. The Anderson-Darling (AD test) fit 
test is used to evaluate the goodness of fit. The AD test checks whether the given data is from a 
sample distribution or not. The AD test is carried out in MATLAB, with the null hypothesis 
stating that the data follows the given distribution. It is carried out at significance levels of 
a= 0.05 and 0.01. The results are summarized as follows: 
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S.No Distribution AD test p - value AD test result at 
5% significance 
AD test result at 
1% significance 
1. Lognormal p = 0.0492 False True 
2. Normal p = 7.45 x 10-4 False False 
3. Weibull p = 0.0585 True True 
4. Gamma p = 0.0497 False True 
 
Table 16 Summary of Anderson-Darling fit test 
 
Based on the AD test results, only the Weibull distribution hypothesis is accepted at 5% 
significance but several other distributions are accepted at 1% level. This indicates that the 
Weibull distribution may be the best fit to the sample data. Thus, the Weibull distribution is 
fitted to the sample data. As a result of curve fitting, a Weibull distribution PDF (Probability 
Distribution Function) is generated. The fitted Weibull PDF for the rest of the population is as 
shown: 
 
Figure 9 Predicted distribution of HRS of other chemicals 
 
The Weibull distribution above is used to predict the behavior of HRS for the rest of the 
population. It can be noted that the above probability density function has very low probability of 
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prediction of HRS for other chemicals. It is important to remember that the sample selected is 
assumed to be a good representation of the general population and that the fit is only as good as 
the sample considered. To understand how the predicted/fitted Weibull curve behaves with 
respect to the original histogram, a superimposed plot is generated as shown. 
 
Figure 10 Original histogram with fitted Weibull distribution 
 
When dealing with large data sets, there is always a measure of uncertainty. It is essential 
to calculate the uncertainty in the measurements to get a more accurate prediction of the final 
results. Here, the uncertainty is in the fit of the model as depicted above. According to table 16, 
there are several distributions that fit the sample data. The fitted Weibull model may not be a 
good fit after all. A simple way to test the goodness of fit of the predicted model is by evaluating 
it with a set of test data. The fitted Weibull model is evaluated by comparing with the histogram 
of another data set (size 80). Let this data set be called ‘test data’. The same procedure is 
repeated for the test data. The results are as shown: 
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Test data HRS Range Frequency (Number of chemicals) 
0 0 
0 – 10 53 
10 – 20 16 
20 – 30 3 
30 – 40 4 
40 – 50 3 
50 – 60 1 
60 – 70 0 
70 – 80 0 
80 – 90 0 
90 – 100 0 
 
Table 17 Test set HRS frequency data 
 
 
Figure 11 Test data HRS histogram plot 
 
 The test data histogram comprises of 80 chemicals. Now, the fitted Weibull model can be 
checked against the test data histogram to determine if Weibull is the best fit.  
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Figure 12 QQ plot of test data vs fitted model 
 
 Again, the QQ plot alone is not conclusive. The AD test reveals that the test data set is 
more likely to behave as a Lognormal distribution than a Weibull distribution, but the Weibull 
distribution is also accepted at a lower level of significance. Both Weibull and Lognormal are 
accepted, but only Lognormal is accepted at both significance levels. 
S.No Distribution AD test p - value AD test result at 
5% significance 
AD test result at 
1% significance 
1. Lognormal p = 0.1593 True True 
2. Normal p = 5 x 10-4 False False 
3. Weibull p = 0.033 False True 
4. Gamma p = 7.5 x 10-6 False False 
 
Table 18 AD test for test data 
 
Thus, the predictive Weibull model is inconclusive at best. While this does not mean that 
the Weibull model is not a good fit, it means that statistically, the distribution of HRS needs to be 
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analyzed with more data sets for selection and validation of a predictive model. Thus, a 
predictive model cannot be selected based on the statistical tests conducted.  
Because of the data gaps and uncertainty in the histogram analysis, and the results of the 
predicted and test models, it is essential to note that these statistical methods and predictions 
cannot be used to validate the behavior of the HRS. These analyses can be merely used to 
understand the initial behavior of the chemicals. The fitted PDF and the test histogram (from 
Figures 9 and 11) can be used to conclude and agree with the original histogram analysis that the 
majority of the data (around 80%) lie below a HRS of 29.55. This means that the vast majority of 
chemicals will have scores in the ranges of 0 - 30. The effect of this implication is seen in the 
Hazard Ranking of Chapter VI. To determine if the HRS works well, a theoretical comparison 
with other known indices is conducted in chapter VII. 
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CHAPTER VI 
HAZARD CATEGORIZATION AND FURTHER STUDIES 
  
One of the aims of this study is to develop relatively safer handling methodologies for 
spontaneously combustible substances. The results obtained in the previous chapter revealed a 
fair bit of information about the HRS. In this chapter, a hazard ranking is proposed. The hazard 
ranking also helps in determining whether additional form of analysis is required. Sample studies 
and guidelines are also proposed. Based on the statistical analyses conducted in the previous 
chapter it can be summarized that the majority of the chemicals have HRS’ that put them in the 
Low- Moderate hazard categories. 
 
6.1 RANKING OF HAZARDS BASED ON HRS 
Based on the value of the HRS, a hazard ranking is proposed. The chemicals are 
classified as Low, Moderate and High. 
HRS VALUE LEVEL OF HAZARD 
0 – 33 Low 
34 – 66  Moderate 
67 – 100  High 
 
Table 19 Final hazard ranking based on HRS 
 
From the previous chapter, it can be concluded that majority of the spontaneously 
combustible chemicals lie in the Low-Moderate category. It is recommended that further hazard 
assessments must be carried out for moderate and high hazard categories. For example, a simple 
what-if study may be conducted for moderate and high hazard chemicals. The study must cover 
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all the operations involved in the storage handling and transport phase of a chemical’s lifecycle 
and can be expanded based on user requirement.  
6.2 SAMPLE WHAT-IF STUDY AND HANDLING GUIDELINE 
Based on the value of the HRS, Hazard Assessments (HA) are conducted. A sample 
format and questions for the analysis is as shown below: 
S.No Operation What – if Consequence Recommendation 
1.  Transfer of 
chemical from 
truck to storage 
tank 
There is no grounding 
and bonding of the 
truck and storage tank 
Potential ignition, 
Flash Fire, Fire 
and Explosion 
Ensure that the truck 
and storage tank are 
grounded and bonded 
with a potentiometer 
or by installing a use 
of grounding 
monitoring system 
2. Sampling of 
chemical for QC 
analysis 
There is a leak of the 
chemical 
Exposure to 
operator, spillage 
Ensure that the 
operator wears all the 
recommended PPE 
based on SDS 
recommendations. 
Determine whether 
spill is large enough 
to activate spill 
control protocols 
3. Transport of solid 
chemicals to 
warehouse 
Containers fall from 
the transport vehicle 
Spillage, 
exposure of 
chemical to 
surroundings 
which may lead 
to spontaneous 
ignition 
Ensure that the 
containers are 
fastened and the 
vehicle is equipped 
with appropriate fire 
extinguisher and spill 
control equipment 
4. Transfer of 
chemical from 
storage tanks to 
production 
facilities 
Leak or Loss of 
containment 
Spill, Exposure 
may lead to fire 
Conduct leak test for 
all the flanges and 
pipelines, construct 
primary and 
secondary 
containment for 
storage tanks 
 
Table 20 What-if analysis for storage and transfer of chemicals 
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 A common guideline can be developed for both moderate and high hazard categories by 
choosing the most conservative recommendations. The guideline must be developed once and 
revised according to the user requirement. A sample guideline is shown: 
S.No Storage, Handling and Transport guidelines 
1. Ensure that the materials are stored at the lowest possible temperatures 
2. The SDS requirements for handling and storage must be fulfilled 
3. Follow the recommendations from the Hazard Assessment conducted 
4. Segregation of chemicals based on type of hazard 
5. Store away from sources of heat, ignition and sunlight 
6. Follow FIFO (First in First Out) principle 
7. Do not try to open a container or carboy that is past its expiration date 
8.  Only use approved trucks and transfer vehicles for transport of chemicals within 
facility 
9. Ensure that all the chemicals are labeled and dated 
10. Secondary containment and grounding monitoring systems must be provided for 
storage tanks in the facility 
 
Table 21 Storage, handling and transport guideline 
 
 It is also important to note that while dealing with scores in the transition ranges (Low-
Moderate or Moderate-High), the user is suggested to look at the individual parameter scores of 
the HRS before making a decision. This is because at the transition ranges, subtle variations can 
change the hazard level of the chemical under consideration and thus it is up to the user to 
determine if the score is justified.  
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CHAPTER VII 
THEORETICAL VALIDATION OF HRS BY COMPARISON WITH OTHER INDICES 
 
 The developed methodology apart from serving as a tool for developing storage and 
handling guidelines can also be used as a stand-alone safety index. However, the use of HRS as 
a stand-alone safety index requires some form of validation. The validation is conducted by 
comparison with other well-known indices. By method of comparison, the merits and demerits of 
HRS, the scope, the effectiveness, and the differences are determined. 
  
7.1 COMPARISON WITH MHI OF THE PCHP INDEX 
The recent study for Ranking of Chemical Facilities Based on the Potential to Cause 
Harm to Public (PCHP) published in the Houston Chronicle is a widely accepted hazard index 
that uses MHI (Material Hazard Index), quantity of chemicals, the population density and the 
accident history around a facility (Ranking of Chemical Facilities Based on the Potential to 
Cause Harm to the Public, 2016). While the PCHP index is a function of all the above, the MHI 
part of the index considers the inherent properties of the chemical. The HRS is also an index that 
is generated by considering the inherent properties of a chemical. Thus, the HRS can be 
theoretically validated by comparison with the MHI of the PCHP index. The MHI is calculated 
based on the NFPA ratings for Flammability (NF) and Reactivity (NR) and a modified Health 
(NH) rating (Ranking of Chemical Facilities Based on the Potential to Cause Harm to the 
Public, 2016). The modified health ratings are taken from the Protective Action Criteria (PAC) 
values, specifically PAC – 3 values which result in life-threatening effects ("Protective Action 
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Criteria Rev.29 Database," 2016). The PAC – 3 values are taken from the PAC Rev. 29 database 
from the DOE. It is described as follows:  
MHI = 2NF + 2NR + 2NH 
Where, MHI = Material Hazard Index, 
NF = NFPA Flammability rating 
NR = NFPA Reactivity rating 
NH = Modified NFPA Health rating based on PAC – 3 values, determined from the table shown 
below: 
PAC – 3 ranges (mg/m3) Modified NH value 
[0, 100] 4 
(100, 1,000] 3 
(1,000, 10,000] 2 
(10,000 ……) 1 
 
Table 22 Modified NH determination (Adapted from (Ranking of Chemical Facilities Based on 
the Potential to Cause Harm to the Public, 2016)) 
 
We know that the HRS is calculated as follows: 
HRSi = ∑ 	#$%& WiPi 
 Sample calculations for MHI of some chemicals are discussed below. The modified NH 
values are determined from the table above after finding out the PAC – 3 values from the 
database.  
For Diethyl aluminum chloride, NH = 2, NF = 4, NR = 3; the MHI is MHI = 24 + 23 + 22 
= 28. From table A-1, the HRS of Diethyl aluminum chloride is 57.23. 
For Diborane, NH = 4, NF = 4, NR = 3; the MHI is MHI = 24 + 23 + 24 = 40. From table 26 in 
the Appendices, the HRS of Diborane = 76.80. Thus, the HRS fairly agrees with the MHI of the 
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PCHP index. A comparative analysis between MHI and HRS is conducted for a number of 
chemicals and summarized in a table as shown. 
 
Chemical Name MHI HRS 
Butyl lithium 24 35.13 
Triethyl aluminum 24 57.83 
Diethyl aluminum chloride 28 57.23 
Trichlorosilane 28 53.70 
Phosphine 36 64.40 
Pentaborane 36 64.40 
Diborane 40 76.80 
 
Table 23 Comparative analysis between MHI and PCHP 
  
 It is clearly seen that the HRS fairly agrees with the MHI. For example, consider Butyl 
lithium and Diethyl aluminum chloride, the score of Butyl lithium is lower than Diethyl 
aluminum chloride on both the MHI and the HRS. It is important to note that the HRS does not 
need to definitely conform with other indices. The comparison is merely a means to determine 
the robustness of the index to ensure that there is no absurdity in the resultant scores. The HRS 
can also be used as a tie-breaker when there is a tie in the scores of the MHI. For example, both 
butyl lithium and Triethyl aluminum are 24 on the MHI but the HRS value for Triethyl 
aluminum is higher because of its lower auto-ignition temperature. For some chemicals however, 
the HRS is lower than the corresponding MHI value. Trichlorosilane has a lower HRS than 
Triethyl aluminum despite having a lower MHI value. This is attributed to the focus of the HRS. 
Thus, for a given MHI value, the HRS may be different due to the emphasis placed on the fire 
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and explosion hazards. It is important to note that Diborane corresponds to high values on both 
MHI and HRS scales.  
The HRS is an index that is proposed for spontaneously combustible substances and the 
focus is on the flammability and explosion hazards. When considering scores in the transition 
range (low-moderate or moderate-high), the user is suggested to consider the individual 
parameter scores to determine whether the score is an accurate representation of the user 
requirements or to use another index in conjunction with the HRS for the best results. 
 
7.2 COMPARISON WITH MF OF DOW F&EI INDEX 
 The Dow F&EI index also includes a MF index that is calculated based on the NFPA 
ratings for flammability and reactivity, meaning it is calculated based on the inherent properties 
of the chemicals (Dow’s Fire and Explosion Index Hazard Classification Guide, 1994). The 
Dow MF index uses only the flammability (NF) and the reactivity (NR) ratings of the NFPA and 
is determined from the table below. 
Flammability 
(NF) 
NR = 0 NR = 1 NR = 2 NR = 3 NR = 4 
NF = 0 1 14 24 29 40 
NF = 1 4 14 24 29 40 
NF = 2 10 14 24 29 40 
NF = 3 16 16 24 29 40 
NF = 4 21 21 24 29 40 
 
Table 24 Determination of MF for the Dow index (Adapted from (Dow’s Fire and Explosion 
Index Hazard Classification Guide, 1994)) 
 
 The MF index can be found by locating the appropriate value in table 24 and the HRS 
can be located from table 26 in the Appendices. A comparative analysis is conducted between 
the two indices. 
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Chemical Name Dow MF HRS 
Butyl lithium 24 35.13 
Trichlorosilane 24 53.70 
Pentaborane 24 64.40 
Diethyl aluminum chloride 29 57.23 
Diborane 29 76.80 
 
Table 25 Comparative analysis between Dow MF and HRS 
 
 It can be determined that for large variations in Dow MF values, the HRS agrees with it. 
However, there are some differences for smaller variation ranges. This is because the Dow MF 
relies on NF and NR alone while the HRS relies on several other factors. Again, these 
discrepancies are expected because of the nature of the HRS. 
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CHAPTER VIII 
CONCLUSIONS 
 
In this research, spontaneously combustible substances have been analyzed and the HRS 
was created. The aim of this study was to develop an index to categorize the hazards of these 
chemicals. The HRS can serve as a basis for additional hazard assessments and further studies.  
This research included the incorporation and quantification of multiple parameters to 
develop the HRS. During the analysis, it can be noted that the HRS is created for certain phases 
of a chemical’s lifecycle.  
This study also incorporated a simple statistical analysis to determine how different 
materials of this type behave. It can be concluded that the majority of chemicals fall under the 
Low – Moderate hazard categories. The HRS also served as a basis for developing storage and 
handling guidelines.  
The HRS is an index that is created to merely accelerate the screening process of 
spontaneously combustible chemicals. It is not meant to replace any existing analytical methods. 
The statistical analysis alone is insufficient to validate the behavior of the HRS. The theoretical 
validation showed that while the HRS fairly agrees with other indices, it is different from the 
other indices in certain aspects. The HRS is designed for spontaneously combustible substances 
and thus it must be used in conjunction with other indices if hazards other than fire and explosion 
are to be evaluated. The HRS also has a high degree of variability. 
It serves as a simple and effective screening criterion that can be included in the overall 
PHA (Process Hazard Analysis) process of the facility. It can be concluded that this study serves 
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as a useful screening tool for the industry and can be incorporated to check if the facility is 
taking sufficient measures for handling these types of materials safely.  
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CHAPTER IX 
FUTURE WORK 
 
This study has a lot of scope for improvement. The HRS is heavily reliant on the 
available data and considers inherent properties of the materials. While it can be used in 
instances where there is a lack of data to estimate the total HRS and determine the effective 
hazard of a spontaneously combustible chemical, it is important to use the HRS in conjunction 
with other indices and with availability of all the data for best results. Apart from relying on the 
storage and handling phases of the lifecycle, it can be highly beneficial if the study is expanded 
to other phases of the lifecycle. By incorporating the entire lifecycle of the chemical, the HRS 
can be molded into a more comprehensive index. 
This study also does not include the chemical exposure and toxicity potentials of the 
chemicals. It can be expanded to incorporate occupational exposures and toxicity parameters. 
Also, including chemical compatibilities and process conditions can give a better picture of the 
overall hazard potential of the chemical. Thus, the HRS can be amended to be applicable for any 
type of chemical. There is room for improvement by including chemical quantities and also 
experimental validation by application to a process design. 
Finally, while the HRS was used as basis for further hazard analysis, it can also be used 
for further Risk Assessment (RA) studies to actually quantify the risk posed by these chemicals. 
The HRS can also be expanded to evaluate the hazards of chemical mixtures.  
A statistical predictive model for the behavior of HRS can be developed based on 
experimental validation and additional analyses. The HRS was theoretically validated by 
comparison with other well-known indices. Further analysis can help make the HRS more 
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precise and conclude that the HRS works well. Better results can be obtained by validation 
through comparison of the scores of two chemicals through experimental analyses, where 
missing data can be generated using experimental techniques. All the above factors can help 
develop a more comprehensive and robust index for analyzing spontaneously combustible 
substances. 
The HRS can also be used as a tool in conceptual design. It can be used as an indicator 
for determining the safety aspect that is considered during the conceptual stages of a project. 
Decision makers in companies (Guillen-Cuevas et al., 2017) assess the performance of a design 
alternative or a project alternative by usually considering the economic feasibility involved. The 
safety aspect is harder to quantify and there is no consensus. Incorporation of other metrics such 
as sustainability (El-Halwagi, 2017) into the currently available ROI (Return on investment) 
methodology helps in understanding other aspects of the design phase. Similarly, the HRS can 
also be implemented in the ROI methodology to include the safety metric in the design decision 
criteria. Based on the ROI metric in (Guillen-Cuevas et al., 2017), the HRS can simply be added 
to the ROI metric to calculate an “Incremental ROI based on HRS”, where one alternative can be 
compared with another by using the HRS. It is as shown: 
IROI = 
∆/012(4) 6789:;<678=>?6789:;<678@ABC>@∆DEF  
Where, IROI = Incremental Return on Investment, 
 AEP = Annual economic profit, 
 TCI = Total Capital Investment 
 HRSold = HRS of old alternative 
 HRSnew = HRS of new alternative 
 HRStarget = Optimum HRS target 
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 The simple addition of the HRS metric to any existing ROI policy of a facility  as shown 
above can prove to be quite useful as it also assesses the safety impact. 
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APPENDICES 
APPENDIX A-1 SUMMARY OF TRAINING DATA HRS CALCULATIONS  
 
CAS no Chemical Name AIT (ºC) Heat of 
Combustion 
(kJ/kg) 
LEL UEL LEL - 
UEL 
spread 
IP 
(eV
) 
F R H S
H 
HRS 
12014-
93-6 
Cerium trisulfide 335 NA NA NA NA NA 1 2 2   11.5 
8001-
69-2 
Cod liver oil 450 NA NA NA NA NA 1 0 0   1.6 
8001-
29-4 
Cotton seed oil 
(refined) 
343 NA NA NA NA NA 1 0 0   9.1 
8006-
54-0 
Lanolin 445 NA NA NA NA NA 1 0 0   1.6 
8001-
26-1 
Linseed oil (raw) 343 NA NA NA NA NA 1 0 0   9.1 
8002-
64-0 
Neatsfoot oil 442 NA NA NA NA NA 1 0 0   1.6 
  Oleo oil 526.66 NA NA NA NA NA 1 0 0   1.6 
8001-
25-0 
Olive oil 343 NA NA NA NA NA 1 0 0   9.1 
8002-
75-3 
Palm oil 316 NA NA NA NA NA 1 0 0   9.1 
3/7/02 Peanut oil 443 NA NA NA NA NA 1 0 0   1.6 
6/4/40 Platinum   NA NA NA NA 9 0 0 1   1.6 
8002-
13-9 
Rape seed oil 447 NA NA NA NA NA 1 0 0   1.6 
8050-
15-5 
Rosin oil 342 NA NA NA NA NA 1 0 0   9.1 
12033-
89-5 
Silicon nitride   NA NA NA NA NA 0 0 1   1.6 
8001-
22-7 
Soy bean oil 445 NA NA NA NA NA 1 0 0   1.6 
7440-
25-7 
Tantalum   NA NA NA NA 7.8
9 
0 0 1   1.6 
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CAS no Chemical Name AIT (ºC) Heat of 
Combustion 
(kJ/kg) 
LEL UEL LEL - 
UEL 
spread 
IP 
(eV
) 
F R H S
H 
HRS 
12137-
20-1 
Titanium monoxide   NA NA NA NA 6.8
9 
0 0 1   1.6 
998-40-
3 
Tributyl phosphine 200 NA NA NA NA 8 1 0 0   9.1 
8001-
20-5 
Tung oil 457 NA NA NA NA NA 1 0 0   1.6 
136202-
90-9 
Whale oil 427 NA NA NA NA NA 1 0 0   1.6 
12070-
14-3 
Zirconium carbide   NA NA NA NA NA 0 0 1   1.6 
  Coal, bituminous 156 NA NA NA NA NA 1 0 1   9.5 
64741-
79-3 
Coke, petroleum 670 NA NA NA NA NA 1 0 1   2 
8001-
30-7 
Corn oil 740 NA NA NA NA NA 1 1 0   2 
112-80-
1 
Oleic acid 363 3147.12 2.46 23.8
1 
NA NA 1 1 0   35.1 
9/3/02 Pine oil 233 °C NA NA NA NA NA 2 0 0   2.4 
N/A Sawdust >200 NA NA NA NA NA 1 0 1   2 
10097-
28-6 
Silicon monoxide   NA NA NA NA NA 0 0 2   2.4 
57-11-4 Stearic acid 395 NA NA NA NA NA 1 0 1   9.5 
7440-
31-5 
Tin 430 NA NA NA NA NA 1 0 1   2 
12045-
63-5 
Titanium boride   NA NA NA NA NA 1 0 1   2 
7440-
61-1 
Uranium 800 NA NA NA NA NA 1 0 1   2 
7440-
62-2 
Vandium 923 NA NA NA NA NA 1 0 1   2 
7440-
66-6 
Zinc 480 NA NA NA NA 9.3
9 
1 1 0   2 
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CAS no Chemical Name AIT (ºC) Heat of 
Combustion 
(kJ/kg) 
LEL UEL LEL - 
UEL 
spread 
IP 
(eV
) 
F R H S
H 
HRS 
7439-
89-6 
Iron (powder) 100 NA NA NA NA 7.9 1 1 1   17.4 
1317-
37-9 
Iron (II) sulfide 520 NA NA NA NA NA 1 0 2   2.8 
8002-
50-4 
Menhaden oil 442 NA NA NA NA NA 1 0 2   2.8 
7704-
34-9 
Sulfur 232 NA NA NA NA NA 1 0 2   10.3 
7429-
90-5 
Aluminum (powder) 760 NA NA NA NA NA 3 1 0   4.4 
96-09-3 Benzene, 1,2-
epoxyethyl 
497.78 NA 1.1 22 20.9 9.2
3 
2 0 2   19.2 
7440-
43-9 
Cadmium (powder) 250 NA NA NA NA 9 1 0 3   12.5 
7440-
47-3 
Chromium (powder) 400 NA NA NA NA NA 1 1 2   10.7 
7646-
78-8 
Tin tetrachloride   NA NA NA NA 11.
7 
0 1 3   9.4 
8006-
64-2 
Turpentine 253.33 NA 0.8 6 5.2 NA 3 0 1   27.5 
123-05-
7 
2-Ethylhexanal 195 651.09 0.9 7.2 6.35 NA 2 1 2   33.1 
1314-
80-3 
Phosphorus 
pentasulfide 
142 25330 NA NA NA NA 1 2 2   29 
85-44-9 Phthalic anhydride 570 482.87 1.7 10 8.7 10 1 2 2   22.6 
7440-
21-3 
Silicon 780 NA NA NA NA 8.1
5 
2 1 2   4 
12034-
39-8 
Sodium polysulphide - NA NA NA NA NA 1 1 3   4.8 
1313-
82-2 
Sodium sulfide, 
anhydrous 
480 NA NA NA NA NA 1 1 3   4.8 
594-27-
4 
Tetramethyltin   683.13 1.27 7.71 NA NA 4 0 1   29.2 
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CAS no Chemical Name AIT (ºC) Heat of 
Combustion 
(kJ/kg) 
LEL UEL LEL - 
UEL 
spread 
IP 
(eV
) 
F R H S
H 
HRS 
7550-
45-0 
Titanium 
tetrachloride 
  NA NA NA NA NA 0 2 3   5.2 
17702-
41-9 
Decaborane 149 66710 NA NA NA NA 2 1 3   30.6 
7646-
69-7 
Sodium hydride   NA NA NA NA NA 3 2 1   5.6 
554-70-
1 
Triethyl phosphine   NA NA NA NA NA 4 0 2   8.4 
75-78-5 Dichloro dimethyl 
silane 
380 NA NA NA NA NA 3 1 3   14.7 
12542-
85-7 
Methyl aluminum 
sesquichloride 
480 NA NA NA NA NA 3 2 2   6.4 
124-41-
4 
Sodium methoxide 88 NA NA NA NA NA 2 2 3   21.4 
122-56-
5 
Tri- n -butylborane   NA NA NA NA NA 4 0 3   10 
7783-
26-8 
Trisilane 54 NA NA NA NA NA 4 2 1   33.8 
15573-
38-3 
Tris(trimethyl silyl) 
phosphine 
20 NA NA NA NA NA 4 0 3   35 
7727-
18-6 
Vanadyl chloride   NA NA NA NA NA 1 3 3   7.2 
13463-
40-6 
Penta carbonyl iron 50 315.90 3.7 13 8.8 8.6 3 1 4   54 
7803-
62-5 
Silicon tetrahydride 85 NA 1.4 100 98.63 11 4 3 1   55.4 
7782-
92-5 
Sodium amide 450 NA NA NA NA NA 3 2 3   8 
115-21-
9 
Trichloro (ethyl) 
silane 
405 NA NA NA NA NA 3 2 3   8 
75-94-5 Trichloro vinyl silane 270 NA NA NA NA 10.
8 
3 2 3   15.6 
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CAS no Chemical Name AIT (ºC) Heat of 
Combustion 
(kJ/kg) 
LEL UEL LEL - 
UEL 
spread 
IP 
(eV
) 
F R H S
H 
HRS 
75-77-4 Trimethyl chloro 
silane 
400 24000 1.8 6 4.2 10.
8 
3 2 3   51.1 
57-14-7 Unsymmetrical 
dimethyl hydrazine 
247.7 118.80 2 95 93 8.0
5 
3 1 4   42.9 
75-79-6 Methyl 
trichlorosilane 
410 7000 7.2 20 12.8 11.
4 
3 2 4   46.8 
11135-
81-2 
Potassium-sodium 
alloy 
120 NA NA NA NA NA 3 2 0 W 21 
10025-
78-2 
Trichlorosilane 185 NA 1.2 91 89.3 11.
9 
4 2 3   53.7 
97-93-8 Triethyl aluminum -52.5 584.25 1.1 7.5 6.4 NA 4 2 3   57.8 
7784-
42-1 
Arsine 285 NA 4.5 78 73.5 9.8
9 
4 2 4   43.8 
7440-
70-2 
Calcium (powder) 810 395 NA NA NA 6.1
1 
1 2 3 W 9.4 
13463-
39-3 
Nickel carbonyl 60 200.60 2 34 32 8.2
8 
3 3 4   56.6 
19624-
22-7 
Penta borane 35 -1074 0.4 98 97.58 9.9 4 2 4   64.4 
7803-
51-2 
Phosphine 38 NA 1.6 100 98.4 9.9
6 
4 2 4   64.4 
7723-
14-0 
Phosphorus 30 22820 NA NA NA 10.
5 
4 2 4   49.4 
100-99-
2 
Triisobutyl 
aluminum 
240 42823 1.1 7.5 6.4 NA 4 3 3   46 
13818-
89-8 
Digermane 50 NA 0.5 100 99.5 12.
5 
4 3 4   76 
7580-
67-8 
Lithium hydride 200 NA NA NA NA 7.9 2 2 3 W 14.7 
75-24-1 Trimethyl aluminum 240 229.25 1.2 7.4 6.2 9.7
6 
4 4 3   39.1 
75-54-7 Dichloromethylsilane 290 11000 2.4 55 52.6 NA 3 2 3 W 48.2 
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CAS no Chemical Name AIT (ºC) Heat of 
Combustion 
(kJ/kg) 
LEL UEL LEL - 
UEL 
spread 
IP 
(eV
) 
F R H S
H 
HRS 
109-72-
8 
Butyllithium 240 193.75 1.2 7.4 6.2 NA 4 2 3 W 35.1 
13862-
16-3 
Nitrosilane 101 NA NA NA NA 9.7 4 3 2 W 27 
4109-
96-0 
Dichloro silane 100 NA 4.1 99 94.9 11.
7 
4 2 4 W 60.2 
96-10-6 Diethyl aluminum 
chloride 
25 431.24 1.2 7.7 6.5 NA 4 3 3 W 57.2 
593-90-
8 
Trimethylboron 54 164.40 1.75 9.88 NA NA 4 3 4 W 57.4 
19287-
45-7 
Diborane 36 56.40 0.8 88 87.2 11.
4 
4 3 4 W 76.8 
 
 
APPENDIX A-2 SUMMARY OF MATLAB CODE USED 
F=histogram(x,'binwidth',10) %x is the variable containing all the calculated HRS scores%  
LOGFIT=lognfit(x) %Mu=2.3015, Sigma=1.3110% 
GAMMAFIT=gammfit(x) %A=0.8329, B=24.3659% 
WEIBULLFIT=wblfit(x) %A=19.0011, B=0.8782% 
NORMALFIT=normfit(x) %Mu=20.2939, Sigma=21.2746% 
fittedlognormal=makedist('Lognormal','Mu',2.3015,'Sigma',1.3110) 
fittedgamma=makedist('Gamma','A',0.8329,'B',24.3659) 
fittedweibull=makedist('Weibull','A',19.0011,'B',0.8782) 
fittednormal=makedist('Normal','Mu',20.2939,'Sigma',21.2746) 
qqplot(x,fittedlognormal) 
qqplot(x,fittedgamma) 
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qqplot(x,fittedweibull) 
qqplot(x,fittednormal) 
[hln,pln]=adtest(x,'Distribution',fittedlognormal) %hln=1, pln=0.0492% 
[hgam,pgam]=adtest(x,'Distribution',fittedgamma) %hgam=1, pgam=0.0497% 
[hwbl,pwbl]=adtest(x,'Distribution',fittedweibull) %hwbl=0, pwbl=0.0585% 
[hnorm,pnorm]=adtest(x,'Distribution',fittednormal) %hnorm=1, pnorm=7.45e10-4 % 
y=linspace(0,80,100) 
weibullpdf=wblpdf(y,10.0011,0.8782) 
plot(weibullpdf) 
RDwbl=wblrnd(19.0011,0.8782,1,100) 
qqplot(x,'RDwbl') 
 
APPENDIX A-3 SUMMARY OF TEST DATA HRS CALCULATIONS 
 
CAS 
no 
Chemical Name AIT (º
C) 
Heat of 
Combustio
n (kJ/mol) 
LE
L 
UE
L 
LEL - 
UEL 
sprea
d 
IP 
(eV
) 
F R H S
H 
HRS 
100-
07-2 
Anisoyl chloride   -4187.04 NA NA NA NA 1 1 1   12.4 
7440-
39-3 
Barium   NA NA NA NA NA 1 2 3 W 6.4 
21109-
95-5 
Barium sulfide   NA NA NA NA NA 1 1 2   3.2 
7440-
41-7 
Beryllium (powder) 540 -587.45 NA NA NA NA 1 0 3   4.4 
7440-
69-9 
Bismuth   NA NA NA NA NA 1 0 2   2.8 
12013-
55-7 
Calcium silicide   NA NA NA NA NA 1 0 1   2 
1344-
81-6 
Calcium sulphide   NA NA NA NA NA 1 1 3   4.8 
7440-
44-0 
Carbon 316 393.6 NA NA NA NA 1 0 0   9.1 
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CAS 
no 
Chemical Name AIT (º
C) 
Heat of 
Combustio
n (kJ/mol) 
LE
L 
UE
L 
LEL - 
UEL 
sprea
d 
IP 
(eV
) 
F R H S
H 
HRS 
8001-
79-4 
Castor oil 450 NA NA NA NA NA 1 0 0   1.6 
1345-
04-6 
Diantimony 
trisulfide 
  NA NA NA NA NA 1 1 2   3.2 
7439-
88-5 
Iridium powder   NA NA NA NA NA 1 0 1   2 
7782-
89-0 
Lithium amide   NA NA NA NA NA 1 2 1 W 4 
7439-
95-4 
Magnesium 445 -675.54 NA NA NA NA 1 1 0   2 
1344-
48-5 
Mercury (II) 
sulphide 
  NA NA NA NA NA 1 0 2   2.8 
2524-
03-0 
O,O-dimethyl 
thiophosphoryl 
chloride 
  NA NA NA NA NA 1 0 4   7.6 
22755-
01-7 
Siloxane   NA NA NA NA NA 1 0 0   1.6 
68132-
21-8 
Perilla oil   NA NA NA NA NA 1 0 0   1.6 
1312-
73-8 
Potassium sulfide, 
anhydrous 
  NA NA NA NA NA 1 0 3   4.4 
06855
3-81-1 
Rice bran   NA NA NA NA NA 1 0 1   2 
409-
21-2 
Silicon carbide   NA NA NA NA NA 1 0 2   2.8 
7440-
22-4 
Silver   NA NA NA NA NA 1 0 2   2.8 
16940-
66-2 
Sodium 
borohydride 
249 NA NA NA NA NA 2 2 3 W 14.7 
7775-
14-6 
Sodium 
hydrosulfite 
  NA NA NA NA NA 1 2 2   4 
61789-
97-7 
Tallow   NA NA NA NA NA 1 0 0   1.6 
15457-
87-1 
Thorium hydride   NA NA NA NA NA 1 0 1   2 
10486-
19-8 
Tridecanal   NA NA NA NA NA 1 0 1   2 
7440-
33-7 
Tungsten   NA NA NA NA NA 1 0 3   4.4 
12070-
09-6 
Uranium 
monocarbide 
  NA NA NA NA NA 1 0 0   1.6 
110-
22-5 
Acetyl peroxide 
solution 
  -4318.8 NA NA NA NA 2 4 1   18.8 
1299-
86-1 
Aluminum carbide   NA NA NA NA NA 2 2 2   4.8 
107-
72-2 
Amyl 
trichlorosilane 
  -3166.2 NA NA NA NA 2 2 3 W 13.2 
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CAS 
no 
Chemical Name AIT (º
C) 
Heat of 
Combustio
n (kJ/mol) 
LE
L 
UE
L 
LEL - 
UEL 
sprea
d 
IP 
(eV
) 
F R H S
H 
HRS 
98-88-
4 
Benzoyl chloride 600 -3278.1 2.5 27 24.5 NA 2 2 3 W 28..83 
7789-
78-8 
Calcium hydride   NA NA NA NA NA 2 2 3 W 7.2 
96-09-
3 
Phenyloxirane 498 NA NA NA NA NA 2 0 2   3.6 
506-
96-7 
Acetyl bromide   NA NA NA NA NA 3 2 3 W 8.8 
75-36-
5 
Acetyl chloride 390 -1099 7.2 19 11.8 NA 3 2 3 W 31.9 
7429-
90-5 
Aluminum 
(powder) 
760 NA NA NA NA NA 3 1 0   4.4 
12135-
76-1 
Ammonium sulfide   NA NA NA NA NA 3 0 3 W 7.6 
13477-
09-3 
Barium hydride 
(powder) 
  NA NA NA NA NA 3 2 3   8 
7440-
42-8 
Boron   630 NA NA NA NA 3 0 2   5.2 
97-94-
9 
Boron triethyl   4611 NA NA NA NA 3 3 1 W 18 
75-20-
7 
Calcium carbide   NA NA NA NA NA 3 2 3 W 8.8 
7440-
45-1 
Cerium (powder)   NA NA NA NA NA 3 2 2   6.4 
1345-
07-9 
Dibismuth 
trisulphide 
  NA NA NA NA NA 3 2 3   8 
1719-
53-5 
Dichloro 
diethylsilane 
  NA NA NA NA NA 3 0 0   4 
78-62-
6 
Diethoxy dimethyl 
silane 
  NA NA NA NA NA 3 0 1   4.4 
871-
27-2 
Diethyl aluminum 
hydride 
  NA NA NA NA NA 3 3   W 7.6 
2036-
15-9 
Dipropyl aluminum 
hydride 
  NA NA NA NA NA 3 3   W 7.6 
563-
43-
9563-
43-
9563-
43-9 
Ethyl aluminum 
dichloride 
  -1649.7 NA NA NA NA 3 3 3 W 13.4 
12075-
68-2 
Ethyl aluminum 
sesquichloride 
  -4950 NA NA NA NA 3 3 3 W 20.4 
302-
01-2 
Hydrazine 270 -622.1 2.9 98 95.1 NA 3 3 3   42.1 
13463-
40-6 
Iron penta carbonyl 49 -1614.6 NA NA NA NA 3 1 2 W 34.4 
14128-
54-2 
Lithium aluminum 
deuteride 
  NA NA NA NA NA 3 2 3 W 8.8 
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CAS 
no 
Chemical Name AIT (º
C) 
Heat of 
Combustio
n (kJ/mol) 
LE
L 
UE
L 
LEL - 
UEL 
sprea
d 
IP 
(eV
) 
F R H S
H 
HRS 
16949-
15-8 
Lithium 
borohydride 
  569 NA NA NA NA 3 2 3   8 
7439-
96-5 
Manganese 
(powder) 
  NA NA NA NA NA 3 2 3   8 
60-34-
4 
Methylhydrazine 196 -53.97 2.5 97 94.5 NA 3 0 4   42.5 
104-
91-6 
p -Nitrosophenol   NA NA NA NA NA 3 3 2   8 
13762-
51-1 
Potassium 
borohydride 
  NA NA NA NA NA 3 2 3   8 
7693-
26-7 
Potassium hydride   NA NA NA NA NA 3 2 3   8 
7440-
23-5 
Sodium 120 NA NA NA NA NA 3 2 3   23 
20859-
73-8 
Aluminum 
phosphide 
  NA NA NA NA NA 4 2 4 W 15.2 
5158-
50-9 
Bromodimethylbora
ne 
  NA NA NA NA NA 4 0 3   10 
106-
99-0 
1,3-Butadiene 420 -2392 2 12 9.5 NA 4 2 2   31.2 
75-15-
0 
Carbon disulfide 90 -1029.4 1.30 ###
# 
48.7 NA 4 0 3   43.8 
627-
54-3 
Diethyl telluride   NA NA NA NA NA 4 3 1 W 11.2 
557-
20-2 
Diethyl zinc   -3359.2 NA NA NA NA 4 3 3 W 19.6 
1191-
15-7 
Diisobutyl 
aluminum hydride 
  NA NA NA NA NA 4 3 3 W 13.6 
544-
97-8 
Dimethyl zinc 18 NA NA NA NA NA 4 3 3 W 38.6 
1590-
87-0 
Disilane <54 -2408.7 NA NA NA NA 4 1 0   13.6 
109-
95-5 
Ethyl nitrite 90 -1351.8 3.00 ###
# 
47 NA 4 4 3   52.8 
7782-
65-2 
Germanium 
tetrahydride 
  NA NA NA NA NA 4 3 4   16 
12057-
74-8 
Magnesium 
phosphide 
  NA NA NA NA NA 4 2 4 W 15.2 
593-
54-4 
Methyl Phosphine   NA NA NA NA NA 4 0 3   10 
7440-
02-0 
Nickel   NA NA NA NA NA 4 1 2   8.8 
75-76-
3 
Tetramethyl silane   NA NA NA NA NA 4 0 2   8.4 
6476-
36-4 
Tri-isopropyl 
phosphine 
  NA NA NA NA NA 4 0 3   10 
594-
10-5 
Trimethyl antimony   -2922.4 NA NA NA NA 4 3 3   18.8 
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CAS 
no 
Chemical Name AIT (º
C) 
Heat of 
Combustio
n (kJ/mol) 
LE
L 
UE
L 
LEL - 
UEL 
sprea
d 
IP 
(eV
) 
F R H S
H 
HRS 
1445-
79-0 
Trimethyl gallium   NA NA NA NA NA 4 2 3   11.2 
594-
09-2 
Trimethyl 
phosphine 
  NA NA NA NA NA 4 0 3   10 
102-
67-0 
Tripropyl 
aluminum 
  NA NA NA NA NA 4 3 3 W 13.6 
 
 
